
AD—A039 010 AERONAUTICAL RESEARCH ASSOCIATES OF PRINCETON INC 
- 

N J F/S 20/5
MODELING OF TURBULENT MIXING AND REACTIONS IN CHEMICAL LASERSaU)

LRICLASSIFIED 
A K VARMA I £ S 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

liii!! __

~

c! __I

~

1iiN



U 
• 0 ~~ ~~ ~2.5

II _ _  

2.2
____  ‘- F6 =

I . I L ~
~llh .8

Hill’ ~ IlIII~•~ IL6

MICRUCOP~ RESOLUTION ILSI I HAR I
NAI~ ~~~~ ~ IjI~( ~~



AFOSR - 77 ~ 05S 4 
_ _ _ _

.- 
J .-~~~ -c

‘I ::
MODELING OF TURBULENT MIXING

AND REACTIONS IN CHEMICAL LASERS

-

• ASHOK K. VARMA
E. STOKES FISHBURNE
ROBERT A. BEDDINI

• AERONAUTICAL RE~EAI~ H ASSOCiATES OF PRINCETON , INC.
50 WASHINGTON’ ROAD, PRINCETON, NEW JERSEY 08540

r 
-

JANUARY 1977

FINAL REPORT
FOR THE PERIOD 1 OCTOBER 1974 — 30 NOVEMBER 1976

PR EPAR ED FOR 
•

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH (AFSC)Q
— 

BUILDING 410, BOLLING AIR FORCE BASE ~
WASHINGTON, DC 20332 

• 

‘
‘

- 

• APPROVED FOR PUBLIC RE LEASEJ DISTR IBUTION UNLIMITED

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - -
~~~~~~~~

- 

~~
— —



— ,~ 

•-

—

AIR fORCE OPYICE OP SCIE~TIPIC SE~BCE (LI SC)

NOTI CE OP ~~j~SM1TTAL TO DDC

This t.o~~t0al 
report has been rev

iewed asd ~~

pp~oved 
for p~bli0 

release LAW LIE 190—3.2 (rb) .

pi*t,ibUttOU ~~ ~~li~it~~ •

A. P. BLOSE
T.almi0~~ 

~~~~~~~~~~~~~~ 
OtttC~~

~~~~~

—‘4 ,
- — • ~~~~•~-••—~~~~~~

, __‘~L~ . .  ________



SECURITY CLASSIF ICAT ION OF THIS PAGE (II~lan Data Enlered)

REPORT DOCUMENT AT~ON PAGE BEFOkE COMPLETING FORM
RI ___________________________- 2. oov f Af ~~~ESSION No. 3. RECIPIENT’S CATALOG NUMBER

~~~ .AE ~~~~~
_

~~ R_ 7 7h 1!—~~584t/ ’j  
-
‘ 

•
.

..-~~~~
- 4. TITLE (and Subt ii.) 5. TYPE • VERED

--

• , ~iODELING OF .~URBULENT MIXING AND REACTIONS IN / 1 ~ ct 74-~~~No~ 76 ~~~~.‘

CHEMICAL J~ASERS , _ . .~~~ ~~~~~~~~~~~~~ 6. PERFORMING O~~G~~~~~~~~~~~T NUMBER

• - -•- 
~~~~~~~r~t QR J, HTRLrT ~~OAS ~ T UMBER( s)

~ 
~~~~~~~~~~~~~~~~~~~ 

• 

~~ F4462fi-75-C-~~ 26)~~~i~~~
IWBERT ~4EDDINI~~,- ____________________________ 4
t P~ WPORMING O R G A N I Z A T I O N  NAME AND ADDRESS *0. PROGRAM ELEMENT . PR OJ ECT , TASK

AR EA a ~~ORJ( UNIT NUMBERS
AERONAUTICAL RESEARCH ASSOCIATES OF PRINCETON INC AO\~J7O11
50 WASHINGTON ROAD / 623Ø’IE - TE2O
PRINCETON , NEW JERSEY 08540 (
I t .  CONTROLL ING OFFICE NAM E AND ADDRESS 

,~ 
i- -., 12. REDr~QI flj .TE

DARPA /7/ Ja n 77 1 - -

1400 WILSON BOULEVARD /~~~ 0 ~~~t- ’ , \.~~~~~~~ 
1~~. NUMBER OF PAGES “

ARLINGTON, VA 22209 - -- 82
*4 .  MONITORING AGENCY NAME & ADDRESS(I1 di lloconi Icon, Contro lli ng Otfic.) IS. SECURITY CLASS. (of thia report)

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH/NA
BLDG 410 UNCLASSIFIED
BOLLING AIR FORCE BASE , D C 20332 *5.. oEcLAssI FIcArloN/OO w NGRAOING

SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

App roved fo r public release; distribution unlimited .

17. DISTRIBUTION STATEMENT (of the ab.t ract ente red In Block 20, ii dIfferent from R.port)

IS. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on revere, aid. lIn.c.aaary end Id.nflly by block number)
TURBULENCE MODELING
TURBUL ENCE IN CHEMICAL LASERS
TURBULENT SHEA R FLOWS
TURBULENT REACTING FLOWS

20. A B S T R A C T  (Cont inue on r•v ~rae aid. Ii n.ca..ary and identity by block numb.,)
A complete second-order closure program for the investi~ation of compressible ,
turbulent , reacting shear layers has been developed .at ARAP. ~ The equations for
the means and the second-order correlations are derived from the time-averaged

:1 Navier-Stokes equations . The equations contain third- and higher- order cor-
relations , which have to be modeled in terms of the lower-order correlations .
The program uses fluid mechanical turbulence models developed by ii.- an~ ~the~ ’~~~ 

:

~-,. ..L~ ve .t-i-gBtcrr8 over the last two decades . The analysis of reacting flows intro- —

duces the need for modeling additional s
~
klar correlations. ARAP has developed

DO 1473 £D~~ ON o N0 0BSOLtTE 
~~~LASSIFIED ~~~~~~~~~~~~~~~~~~~ a~~~~~~~~



~~~ LT~~~ -TT ii ~~~~~~~ __ _ _ _

SECURITY CLASSI FICATION OF THIS PAGE(Wli en bat. Entered)

• “typical eddy” model for the joint probability, density function of all the scalar
The ARAP second-order closure model for turbulent reactitag flows has been used to
study the mixing and chemical reaction in the initial .region of a DF chemical
laser. A majority of current HF and DF chemical lasers operate at cavity pres-
sures of the order of 10 torr . The flow Reynolds numbers in these devices are of
the order of io~, and turbulent transport is unimportant excepj in a smallinitial region downstream of the nozzle exit. Future laser systems are expected
to o~erate at higher cavity pressures and turbulent transport processes will be
more important. The effects of various turbulence parameters on the mixing and
reactions in the chemical laser are quite complex. The program has been used to
parametrically study the effect of turbulence variables-intensity q2, scale A ,
~~~~the turbulence-chemistry interaction represented by the mixedness correlation
dL’9’/dA~. The flow conditions correspond to the AFWL MESA IV nozzle. A simp lifie
reaction scheme is used to study the production of DF(v), v= 1-4. Calculations
have been made for cavity pressures of 10 and 100 torr. The results show that
for 10 torr cavity pressure , there are very significant effects of the initial
turbulence amplitude and turbulence scale on the formation of various DF vibra-
tional levels. Different combinations of q2 and /1 could lead to improvement or
degradation in laser performance . At 100 torr operating pressure , the flowfield
has a significant level of turbulence and the turbulence-chemistry interaction

• becomes important. Significant errors can result from the neglect of the mixed-
ness correlations in the chemical source terms . The studies demonstrate the need 

• 
-

fo r the use of a second-order closure approach to predict the nonequilibrium
turbulent f lowfields .

I
UNCLASSIFIED 

~~~ -•~ -- • - - - -—- - -~ •~~~~~~~~~~~~ -~~~~—-~~. • - •  
_ _ _ _ _ _ _



— ~~~~~~~ — ~~~~~ —~~ •~ —~ ~••~ _~~ 
- _______

a

TABLE OF CONTENTS

I. INTRODUCTION 1

II. ANALYSIS OF TURBULENT REACTING FLOWS —

DESCRIPTION OF THE RSL CODE

III. MODEL AND PROGRAM VERIFICATION 23

IV. CHEMICAL LASER FLOWFIELD COMPUTATIONS 33

V. RESULTS AND DISCUSSION 37

VI. SUMMARY AND CONCLUSIONS 67

VII. NOMENCLATURE 69

VIII. REFERENCES 70

TABLE 1. DF CHEMICAL LASER REACTION SET 73

TABLE 2. DF CHEMICAL LA SER REACTION SET 7)4

APPENDIX A — GENERAL CONSERVATION E QUATIONS A—i
FOR A TUR BULENT MULTICOMPONENT
REACTING SYSTEM

F : 
~ A~~SR Contract N~~~er F44620-75-C-0026 S

fl
iS$1lF~CAlWU .. 

Li —— 
U! 
~~~~~~~~~~~~~~~~ CC~E*

i i i  •~M. AVAIL S~d,~~U~CIAC

_ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _  

4J~ I I - 
~~~~~~~~~~~~~~~~~~ .~~~~ ... _ .~~~ .. .—.. 

~~~~~~



• ~~~~~~~~~~~~~~~~~~ ~~~— —..——~~~~~-— ., .—~~~. -.~~~~~ --~ -.- -~-.-—-~~~~~~~,---.-~-,. .~~-—.. 
~

.- •
~
__

~~~~~ - ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~.—~-• ~~~~~~~~~~

I. INTRODUCTION

Chemical lasers offer a unique means of obtaining high

intensity, coherent radiation. Unlike other types of lasers

which require large amounts of ex ternal power , the chemical
laser obtains lasing action through the energy released in a

chemical reaction . Conventional chemical lasers employ either

H2 and F2 or D2 and F2 as the principal reactants in the
system. Normally , the lasing action occurs in the mixing

region between a stream of gas containin g primarily H 2 or
and another stream containing F2 or F and a diluent , e.g.,

He. The performance of the laser depends on the ability of

the configuration to mix and react the gases over a distance

sufficiently large that optical energy may be efficiently

extracted . Thus, the proper mixing and subsequent chemical

reactions producing excited chemical species is one of the

most Important problems in the design of a good chemical laser.

Current chemical lasers operate at low cavity pressure s,

5—10 torr , in order to reduce the rate of collisional deacti-

vation of the excited species. At these low pressures , the

mixing of the reactants is predominantly through molecular

diffusion , a rather slow process. If the mixing could be

achieved at a more rapid rate then , conceivably, the rate of

excitation would increase considerably, providing higher laser

output power and overall efficiency. In addition , if the

mixing could occur at a faster rate , then it may be possible

to operate the laser cavity at higher pressures thereby reducing

H the problem of bringing the gas up to atmospheric pressure

(supersonic diffusion).

A more rapid mixing of the reactants may be achieved
• through turbulence in the flowuleld. The possible role of

turbulence in chemical lasers can best be understood by exam—
• ining the structure of flames. In a laminar flame the reactions



between the fuel and oxidizer are confined to a very narrow

region . In thi s case , the primary mode of mixing Is through

molecular diffusion. Employing molecular diffu3ion coefficients ,

the so—called flame velocity may be theoretically calculated to

a reasonable degree of accuracy. As the flow velocity is in—

creased and the flow becomes turbulent , two observations can

be made . First , the flame velocity is much higher and , secondly,

the flame zone becomes very wide . The widening of the flame

zone is an indication that the dominant mass transfer is through

turbulent mixing. In this situation , the width of the flame

zone approaches the scale of the turbulence. Unlike the laminar

flame velocity, the prediction of the turbulent flame velocity

is very difficult because of the lack of a sufficient under-

standing of turbulent reacting flows .

The chemical laser presents a somewhat similar situation.

Laminar mixing produces a very thin zone of lasing action be-

tween the streams of reactants. As the flowfleld become s tur-

bulent , the lasing zone become s wider. Conventional chemical

lasers operate in the transition regime in which the flow cannot

be characterized as fully laminar or fully turbulent. The

prediction of turbulence in the transition regime requires

sophisticated techniques. Turbulent mixing models which do not

consider the history of the turbulence , such as the eddy vi s-

cosity approach and the turbulent kinetic energy approach , may

lead to considerable errors in predicting laser performance.

This situation is particularly important in flow situations in

which turbulence is introduced through various boundary layer

trip devices. In these situations It Is important that a

theoretical approach be capable of treating variable turbulent

scales, intensities , and distributions of energy among the u

v , and w component s of velocity .

Although turbulence may enhance the mixing of the reactants ,
it may have adverse effects on the rates of the individual

2
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chemical reactions. In the turbulent flame example cited
above , the use of a laminar chemistry model leads to consider—

able error in the prediction of the flame width . The laminar

chemistry model means that the rate of’ a particular reaction
Is determined only by the average concentration s of the re-

acting species and the local average temperature . Although

the local average species concentrations have been determined

through turbulent mixing, the reac tants may , in fact , not be
mixed on a molecular level which is required for the species

to react. This may be illustrated by considering the initial

mixing of black and white paint . After a few swirls of the

mixing paddle , we can define an average concentration of the

two paint s over a small region. But, clearly these two are

not mixed on the molecular level. It is this unmixedness

which is of primary importance in treating the effects of

turbulence on chemical reactions.

— Fully realizing the problems associated with the theoret-

ical prediction of turbulent reacting flowfields , A.R .A .P.

began developing a turbulenc e code which could provide the

types of information which are required to determine the effects

of turbulence on the rates of individual chemical reactions.

In addition , It was important that the turbulence model be

invariant sInce it may be employed in flow situations for which

no turbulence measurements are available to calibrate the model.

A.R.A.P .’s second—order closure technique is the only turbulence

model which meets these necessary criteria. This report will

briefly describe the A.R.A.P. Reacting Shear Layer (RSL) code.

In addition , we will present numerous computations showing the

effects of initial turbulence scale , intensity, and distribution

of turbulent energy on the generation of ’ excited chemicaJ .

species in a chemical laser. Furthermore , we will Indicate the

error which can be introduced when the adverse effects of the

tu r bulenc e, the unmixedness , is igno)’ed.

3
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II. ANALYSIS OF TURBULENT REACTING FLOWS —

DESCRIPTION OF THE RSL CODE

A complete second—order closure program for the analysis

of chemically reacting turbulent flowfields is being developed

at A.R.A.P. The philosophy of our second—order closure

approach and details of the technique have been previously

described in a number of reports and publications (Refs. 1,2).

For the sake of completeness a detailed description of the

models and the computer program have been included in this

report .

• The theoretical analysis of turbulent flows is made

difficult by the closure problem ; namely, that the number of

unknowns in an exact time—averaged formulation always exceeds

the number of equations. The problem become s more complex

in the case of turbulent reacting flows because of the larger

number of fluctuating quantities that are involved and the

appearance of certain new and difficult scalar correlations.

One commonly used approach for the solution of the closure

problem requires the development of models for the extra

unknown correlations to obtain a closed set of equations which

can then be solved by a variety of methods. One simple

modeling approach that has long been used in the study of

turbulent flows is an eddy viscosity or first—order closure

approach. Models are developed for second—order correlations ,

e.g., Uj U~ , u~T’ , etc., in terms of the mean quantities

of the flow. This approach completely ignores the dynamics of

the tur bulence an d cons iders it to be a “local” quantity; that

is, the turbulence at a point in the flow is completely deter—

mined by the local value s of the mean flow variables. The

procedure has been quite successful in a number of engineering

prob lems , but it suffers from the need to determine the
empirical constants for each class of flows from direct exper—

• imental measurements. It appears unlikely that an “invariant”
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or “universal” eddy transport theory can be developed.

Furt her , there are a number of turbulent flows of Interest
for which the dynamics (or history) of the turbulence is

important in determining t he na ture of the tur bulence at a
point in the flow. In this respect , the first—order closure

or eddy transport concept is not a sufficiently powerfu l

• tool with which to study the motion. Some examples are flow

problems involving large—scale atmospheric motions, flow

involving chemical reactions , and the developing regions of
classically self—similar flows. In the past , mos t en gineerIn g
calculations of reacting flows have been made by ignoring the

interaction between the turbulence and chemistry . However ,
it is generally accepted that the interaction between turbu-

lence and chemical reactions is of considerable importance

In many practical flow problems , and first—order closure

methods are not capable of handling such nonequilibrium flow

regions. Second—order closure techniques are required to

analyze these flowfields.

Considerable advances have been made in recent years in

the development of second—order closure models for nonreacting

turbulent flows which have demonstrated improved predictive

capability compared to the eddy viscosity or first—order

closure models. A.R .A.P. has been one of the leading groups

in the development of multi—equat ion, complete second—order

closure modeling of turbulent flows. The application of these

higher—order closure procedure s to turbulent reacting flows

Is a natural extension of current technology. In a second—

order closure procedure one develops transport equations for

second—order correlations and solves them along with the

equations for the mean fluid dynamic variables subject to the

appropriate initial and boundary conditions. These equations

contain third—order and higher—order correlations which are

modeled in terms of the lower—order correlations. The research

IL 5
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effort of a number of groups is directed toward establishing

suitable models.

Considerable success has been achieved in the prediction

of incompressible and compressible nonreacting flows using

second—order closure . The formulation of the problem differs

from group to group . Launder and Spalding (Ref. 3) ,  Bra dshaw
(Ref. II), and Saffman (Ref. 5) consider  only equations for
the turbulent kinetic energy and turbulence scale In addition

to the mean flow equations. Donaldson , Varma , and others at
A.R.A.P. have developed a multi—equat ion closure scheme (Refs. 6 ,
7, 8) which retains individual equations for all the important

second—order correlations In the problem and provides much more

detailed information about the turbulence field than the simpler

schemes. A.R .A.P. ’s approach has been to select the models in

the simplest possible way consistent with tensor invariance and

available experimental data. The model must remain invariant

with respect to changes in the flow geometry . The invariant

f modeling is an important feature in that the objective Is to

obtain a model applicable to a wide class of fluid flows. Data

from simple, extensively studied flows can then be used to
obtain the general model parameters for use in more complex

flowflelds where experimental measurements are difficult .

This model , with the use of the same set of model parameters ,

~ has demonstrated excellent agreement with experimental data

for a wide class of flowfields, such as free shear layers

• (Ref. 6 ) ,  flat plate boundary layers (Ref. 6 ) ,  axisymmetric

jets and wakes, the planetary boundary layer (Ref. 7 ) ,  and

r the decay of turbulent vortices (Ref. 8) .  Finson (Ref. 9)
has also used multi—equation models with good results.

The use of second—order closure modeling for reacting -
•

~ flows is still in its Infancy. In addition to the normal

difficulties associated with the second—order closure analyses

6
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of turbulent  f lows , the  presence of f in i t e  rate chemical
react ions in t roduces  the problem of the proper treatment of
the combined effec ts of concent ration and temperature f luc-
tuations. At A.R.A.P ., Donaldson and Hilst (Ref. 10) studied

low heat release chemical reactions and demonstrated the
• importance of keeping track of the species correlations.

Order of magnitude errors can be made in the prediction of the

reaction rate in practical problems If classical chemical

sour ce express ions (base d , on mean quantities alone) are used

and the species and temperature correlations Ignored. Spalding

(Ref. 11) formulated an “eddy break up ” model valid for large

turbulence Reynolds numbers and for very fast chemical reactions

to model the effect of turbulence on chemical reactions. Chem-

ical kinetic effects are ignored and the rate of the reaction

is taken to be proportional to dissipation rate of the macro—

scale eddies. Recently, Spalding (Ref. 12) has proposed a

LaGrangian approach to the modeling of turbulent combustion

which attempts t’ p~~dict the development of the probability

density functions in the flow.

The major new problem in the analysis of compressible

reacting flows is the modeling of the large number of higher—

order correlations of scalar fluctuations arising in the chem-
ical source terms . The general approach being used by many of

the research groups active in the field Is to model the proba—

bility density funrtion (pdf) for the scalars. These include

Rhodes et al. (Ref. 13), Bray and Moss (Ref. 114), Libby (Ref 15),

and Borghi (Ref. 16).

Most of these approache s still make many simplifying

assumptions to make the problem tractable. Bray and Libby use
-

- 

- 

. 
the fast chemistry assumption . The approach of Borghl is very

• similar to ours , but he replaces the joint pdf of species and

temperature by a one—dimensional pdf which is a very restrictive

assumption . The A.R.A.P. approach models the joint pdf of all
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the scalars in turbulen t  react ing f lows.  A procedure has been
developed for cons t ruc t ing  the pdf using the available Infor-
mation in a second—order closure analys is .  The model is called
the “typical  eddy ” model and involves represent ing  the pdf by
a set of delta funct ions  of variable s t rengths  and pos i t ions  in
the scalar phase space. The s t rengths  and pos i t ions  of these
delta func t ion s at every point in the f low are determined from
the predicted values of the  means and second—order correlat ions
at that point . Kewley (Re f .  17) has recent ly  used our concept
of the “ typica l  edd y ” model in a study of tu rbu lence  e f f e c t s  in
a chemical laser.  The de ta i l s  of the  models and the  RSL program
code for the analysis  of general m u l t i — s t e p  exothermic  chemical
react ions in turbulent  shear f lows are discussed below .

Basic Equations

The general conservation equations for a turbulent , corn—
pressible , mult i—component  react ing f low system are presented
in Appendix A. The following, commonly used assumptions have

been adopted for the derivat ion of these equat ions :

1. The gas is a cont inuum .

2. No body forces are present .

3. Radiant heat transfer Is neglected.

) I 14. There are no overall mass sources.
4 .  ~

5. Mass d i f fu s ion  occurs by a concentration gradient
only. Fick’s diffusion law is valid. Thermal and

pressure diffusion are neglected.

6. Each component of the gas mixture is thermally perfect.

These equations contain a number of third—order and higher—

order correlations that have to be modeled in terms of the

8 

~~~~~~~~~~~~- . - -~~~~~ — - -~~~~~~ -- -~~~—



r~~~~~~
-
~~~~~~

—
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

means and second—order correlations to obtain  a closed set of
equat ions .

Second—Order Closure Models

Modeling of Pressure F luc tua t ion  Correlat ion s

The resul ts  for c ompressible f lows presented in Reference  6
indicated the need for Improved modeling of the  pressure d i f f u —
sion correlat ions.  New models for various pressure correlations
following a consistent procedure have been developed during the

past year. The procedure for developing these models is pre-

sented in Reference 18. We are currently engaged in testing

these new pressure diffusion models to improve our program

predictions for high Mach number flows. The models are :

Pressure dif fus ion terms

= 
~~~~~ ~~~~

[
~~~~~

n
uP,m 

- ~ (~~~(u 1u ’P )~~ + ~mi
t u t )

,p)

+ (o~ u~u
:
~ - 

~~~~ 
u ’n~~~~)] + P2~Aq(u~u ’~~)~~ ( 1)

p ’h’ = P1~ A 2 ~~~~[(hIu
I n)

,m 
— I (h’u ’~~)~~ 

-

•

+ 6~~ h t u t
~~

] 
+ P 2~ A q ( h ’ u ’~~)~~ ( 2 )
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Tendency—toward—isotropy term s

P
3~ 
—  u ’nu , 

-

— ~~jj u ’~ u~ + ~~ g q 2]  — I 
~~ [~~~i~ 

— ~ g q 2]  ( 3 )

-~ 

p ’h’1 
= p~~ 6~ u~h’ - ~~

. 
~~~~~ u~ h ’ - 

~~‘ g u ’~~h ’ ]
— 0.8 ~~~~~

. uj h ’  ( 1 4 )

- 

I In these models, A is the turbulent scale length to be

determined. The major change compared to the models used in

References 6 and 19 is the addition of terms Involving the

mean strain ~Jim/~ xn . Reference 19 suggests P2 = 0.1

Cons tants P1 and P3 are still under investigation.

Models for Other Correlations

Velocity diffusion terms

Following previous successful A.R.A.P. studies (Refs. 6 ,
19) ,  we adopt a gradient diffusion model , as follows :

uj u 3u~ = _V~ Aq [uj up  k + 
~~~~~~~~~ 

+ (u~~~~) j ] ( 5 )

-~~~~~ u~ u~~~’ _V~ A~ [uj~~’ j 
+ (~~~~~

T)
,i] 

( 6 )

uj ~~’~~’ = _v
~ Aq {(~~

t
~~~ ) j] 

( 7 )

ii
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In Eqs. (6) and (7), ~~~‘ represent s any scalar var iable
( T’ , h ’ , c,~ , p ’ , etc. ). Vc was established equal

to 0.1 by comparing model results with experimental data In

free jets and shear layers. Due to the lack of detailed

experimental data in compressible and reacting flows, the same
diffusion constant Is used as an initial estimate for velocity

diffusion of all correlations.

Dissipation terms

Lewellen et al. (Ref. 20) suggest that isotropic dissipa-

tion is more suitable than the anisotropic dissipation model

used by Donaldson (Ref. 19).

• gmn 
U j m U J n  = g1j 4 + ~~(u~u~ - ~~~~~~~ 

( 8)

X is the turbulent rnlcroscale length

A 2 - A 2

V

Detailed studies of the flat plate incompressible boundary

layer ( R e f .  2 1) have led to  a slight change in a

a = 3.25
I.~ ~

g
Thfl 

T;mT;; = ~~~~~~ 

. 

( 9 )  -j

_ ______  
u ’T ’

gmn u l T ’ = S ( 10)
• I,m ,n T

‘ The present program uses  5T = 1 .

The models for dissipation of other scalars are of the

same form .

~



Models for Scalar Corre la t ions

A.R.A.P.’s “Typical Eddy” Model

The maj or new d i f f i c u l t y  in second—order  closure computa-
t ions of turbulent  r eac t ing  f lows Is the modeling of scalar
correlat Ions , such as k’c~’ , k ’a ’8 ’ , ct ’a ’ B’  , etc., that
appear in the equations. Recently, we have developed a “typical
eddy ” model that is very promising for the modeling of all such

scalar correlations. Details of the development of the model

are given in References 22 and 23. A brief description of the

model is given below .

The construction of the “typical eddy ” model is an attempt

to define the joint probability density function (pdf) for all

t he scalars , using the available information from a second—order
closure analysis. The pdf is represented by a set of delta

functions of variable strengths and positions in the scalar

phase space. The location of some of the delta functions is

decided on physical grounds. The position s of the other delta

functions and the strengths of all the delta functions at every

point in the flow are determined from the values of the means

• and second—order correlations obtained at that point from the

solution of their transport equations. The degrees of freedom

in the model are limited by the number of independent parameters

L available in the second—order closure analysis. Our complete

‘~1 second—order closure program for a three species flow system

provides information for 13 independent first and second—order

correlations — & , , c~. ’~~’ , cOy’ , B ’ y ’ , cOp ’ , B ’ p ’ ,

p ’p ’ , , h’h’ , ct’h’ , ~‘h’ , and p ’h’ — so the complete

model can have no more than 13 parameters. Figure 1 shows the

model that  we have selected a f te r  ex tens ive  s tud ies .  The model
has exac t ly  13 parameters  to  be determined . The t yp ica l  eddy is :
considered to have the following structure . For a fraction E 1

the eddy contains only the species o. . The cell has a sensible

f I i  12
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• H Figure 1. Complete three—species  “ typ ica l  eddy ” model .
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enthalpy ha and , since for a single species flow from a con—

stant enthalpy source the model must allow enthalpy fluctuation s,

h’h’ , due to boundary conditions and/or viscou s heating, we
add a ~h for half of the cell. For a single species flow ,
the enthalpy structure has just two parameters ( h~ and ~h )
to be calculated from the values of ~ and h’h’ obtained

from the transport equations. In the model currently being used

in our react ing shear layer programs , t he same ~h Is used for

all the cells. For a fraction £2 , the eddy contains only

species 8 with an enthalpy h8 , and for a fraction

the eddy has only the pure species y and has the corresponding

enthalpy hy . For fraction s e~ , , and 65 , the eddy

is assumed to contain a and 8 , a and y , and 8 an d y ,

respectively, in a state of molecular mixedness. There appear

to be two equally reasonable choices for the proportions of the

species in these cells. One can consider the species to be

present in either equal amounts or In amounts proportional to

their average values at that point in the flow. The current

program retains both of these options at the present time , and

further test runs will indicat e the more desirable model. Cor-

responding average values are used for the enthalpies of the

cells. Finally, an £7 fraction of the eddy contains all

three species a , B , and y in a molecular mixture of

proportions K 1 , K 2 , and 1 — K
1 

— K2 . The enthalpy of

cell 7 is h7 . The model has 13 unknowns ( c~, through C~~

K 2  , ha , h8 , h~ , h7 , and Ah) (note 
l~ 7 ~

i = l)

to be determined from the 13 available independent correlations

by matching the moments of the model to the values predicted

by the equations . Thus, the model can be constructed at any

desired time from the second—order closure turbulence calcu—

latlon in progress. Once the species and enthalpy distribution

functions have been established , the corresponding distributions 4
for the tempera ture , density, and the reaction rate can be con—
structed. The complete nonlinear Arrhenlus rate expression can

~~~ t.; 114
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be used for k ; there is no need to expand the exponential

term . All scalar correlations required to close the system

of second—order correlation equation s can now be calculated

from this joint probability density function .

The construct ion of the complete “typical eddy ” model
described above requires the solution of a set of nonlinear

algebraic equations. A simplified “typical eddy ” model was
also proposed (Refs. 22, 23). This model does not consider

the density fluctuation correlations in the construction of

the model and , therefore , can only have 9 independent parameters.
The simplified model results in a linear set of equations for

the determinat ion of the cell sizes in the species probability

dens it y funct ion , and analytical closed form solutions have
been obtained. In contrast , one has to resort to numerical

solutions in the case of the complete model. The simplified

“typical eddy ” model was easier to implement for the initial

testing of the concept of the model.

The simplification involve s the neglect of the density

correlations in the setting up of the model and , therefore ,

should be valid for flows where density change s are small. The

simplified “typical eddy ” model has been shown (Ref. 1) to be

satisfactory for low heat release reacting flows . However ,

just how far one could use this simplified scheme could only

be tested by actual computation s and comparison to experimental
1
;
. t measurements. Our studies on chemical laser flows and hydrogen—

air flames where significant density change s are involved

suggest that  the more c omplete “typ ica l  eddy ” model has to be
used , as was expected , for these f lows.

An even simpler model has been used in the calculations

for the DF chemical laser reported here. In this model all

third—order and higher—order scalar correlations are set to

• 15 
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zero. This is designated as the “ secondary ” model , as distin-
guished from the primary model which is the “typical eddy ”

model. Second—order correlations such as T’ ct’ , k’cx ’ , and

others for which we do not carry transport equations , are now
obtained up to second—order accuracy by expansion of’ explicit

thermodynamic relations between the instantaneous variables.

When t he “typical eddy ” model is use d , these conversion rela-
tions are not necessary as the pdf for p,T and k can be
constructed d i rec t ly  from the  pdf of aj and h using the

thermodynamic relationships. The “secondary” model was initially
used during the model development stage but some recent calcu—

lations (Ref. 1) have indicated that , at least for some simple
reacting flows, the two models may predict quite similar results.

It can be shown quite eas ily that the “secondary” model is not
correct in a number of limiting cases. For example , in the

reaction end limit for a system of three species undergoing the

one step reac tion a + 8 y

= 0

&13 + cOB ’ = 0

• & 8 ’  + a ’$ + cz ’B ’  — a ’ B ’  = 0

I cOB’ + cOa ’ B + a’a ’ B ’  = 0

I cOa ’B’ = —& cOB ’ — B  a ’ a ’

i = ~~~& 2( 1
a ’ o ’ )

I ~ 0 in general

Thus , se t t ing  the th i rd—order  sca lar correlations to zero

is not a proper model and the agreement between the results from

the “se condary ” model and the “typical eddy ” model must be simply

r coincidental. The computations for the DF chemical laser will

I 16
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be repeated later with the “typical eddy ” model and t he com-
parison of the two sets of results should be quite interesting.

It Is an interesting question why the results for some flows

that have been studied are insensitive to the choice of the

model for the higher—order scalar correla t ions.

Multi—Step Chemistry Procedure

The react ing shear layer program and the “typical eddy ”

model were originally developed for use with three species

( a , B , and y ) f lowf ielcls, and only permitted the single—
step reac tion a + B -* y . The conce pt of suc h an overall
reaction may be entirely sufficient in some combustion problems ,

but for most pro b lems it is necessary to use a set of elementar y
reaction steps involving many species to correctly describe the

system and to obtain results in better agreement with experi-

ments. This conclusion is particularly valid with respect to

trace species. Further , the elementary react ions have been
studied extensively and the reaction rate parameters are better

known . Ideal ly ,  one would like to keep t rack of each species
and the correlation between each species and the other species

as well as the correlation with certain flow properties. Unfor-

tunately, this desire introduces an enormous number of equation s

which must be solved in an implicit fashion . The resulting

computer time would be prohibitive to the point that the code

would simply not be used for engineering calculations. There—

-~~ fore , it was decided to construct a system for handling a

• finite number of species and reactions within the present frame-

work.

To understand the basic philosophy of our reaction scheme ,

• it is useful to consider the expression for the rate of change

of a spec ies , a , due to chemis t ry  In a situation in which t

turbulence may be present . It can be shown that the expression

reduces to :

~~ 
17

-

~

- .• ~~ -~~~~~--• - - -- -—.p ~~~~~
- • - -

~~~~

--..-•



rTT ~~~~~~~~~~~~~ _ _ _ _ _  __________________________

= ~~~~ — [l~a’$’ + &k’B’ + ~k ’ a’ + k’ct ’ B ’ ]

Laminar Turbulent Contribut ion

In the absence of turbulence , t he rate of’ change of the species
is simply given by the laminar expression . When turbulence is
present , all of the other terms must be considered. The corn—

putation of these terms , and the other necessary correlations ,
is the reason the computer time become s excessive . In the

laminar case , such correlations are not required. Thus, the

extension of laminar flow situations to hundreds of chemical

species and reactions is straightforward since it only requires

the addition of another equation for the conservation of mass

of each added species. In the turbulent case , the addition of

a new species requires the addition of at least three equations

for the correlations with the primary flow variables plus an

equation for the correlation with each of the other species in

the flow. From a practical viewpoint , and the desire to main-

tain reasonable computation times, it was decided to “track”

only three species: a , B , and y

In any diffusive reacting flow, one usually has two in-

itially separate streams of fuel (a) and oxidizer (B). These

• streams are now considered to be known mixtures of a number of

chemical species. The streams mix and react following a large

number of elementary reactions and form a mixture of product

species designated as y . We assume that (1) the composition

• 
. of mixtures a and B is fixed for the entire flowfield.

• . .  There are no internal reactions among the species in these two

~~~~ 
reactant mixtures. (2) All the product species that compose

y are molecularly mixed. There are Internal reactions within

the y species mixture . The composition of the mixture y

varies at different point s across the flowfield.

- , 18
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Consider the following two—reaction system as an illus-
tration of the procedure . The complete set of reactions that

-
• 

have been used in our studies of the DF chemical laser are
presented in Table 1.

k
• D 2

+ F — ~’ D F + D

k
F2 +D-2 D F + F

a D 2 known

8 He + F + F2 known proportions

y H e + D
2 + F 2

+ D + F + D F

The interaction between turbulence and chemistry only has

to be taken into account for reactions between a and 8
a and y , and 8 and y . Species within y are assumed

to be molecularly mixed and , theref ore , species correlations
do not have to be considered for the internal reactions. For

convenience , we rewrite the reaction system as given below ,

tagging each chemical species with the mixture that it is a

part of:

D2(a) + F(B) 
-

~~ DF( y ) + D( y ) 
-•

- - D2(cz) + F(y) -
~ DF( y ) + D( y )

D2
(y ) + F( B)  -

~ DF( y ) + D(y)

D2
(y ) + F( y ) + DF( y ) + D ( y )  i nt e rna l  react ion

F2(B) + D ( y )  DF(y) + F(y)

F2(y) + 
D ( y )  -

~~ 
DF( y ) + F( y ) internal react ion
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The chemical source terms for the component species can

now be wr i t t en .  For example ,

d D ( c t )
dt = - k

1[~~
(a)~~(8 )  + D~~(a ) F ’ ( B )

-
• - k

1[~~~( a ) ~~(~~) +

d D ( y )  
__________

dt 
= — k1[5~

’(-~)~~( B )  + D~ (i) F ’ ( 8 ) ]

- k 1[5~ (~~)~~(Y ) ]  , etc .

Transport equations are solved for the second—order

correlations a ’ B ’  , a’y’ , and ~‘y ’ . The additional

important assumption is made that quantities like

D~ (a)F’(y) , etc. can be simply calculated from these corre-

lations as being proportional to the local mean composition

of the mixture. The validity of this assumption has to be

examined further , but it should not lead to large errors. The

rate at which ci or B react to form the product species y

is governed by the rate of the fastest reaction . In the above

example , B is being lost due to the consumption of both

F(B) and F2(8) . The reaction that causes the greater loss

of B is the controlling step. If at some point in the flow ,

the reactions of F(8) lead to the larger loss of 8 , then

to maintain the constant composition of the B species mixture ,

corresponding amoun ts of F2(8) and He(B) now become part

of the y species. The composiiton of y has to be calculated

at each point across the flowfleld. The procedure operates

within the framework of three overall species mixtures , and

all the models and equations developed earlier can be used. The

A.
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only addition to the program is the solution of the mean

species conservation equations for all the elemental species.

Numerical Solution of Equat ions

• - The use of the models for various third— and higher—order
c orrelat ions, as described earlier , in the set of equations for

• the means and second—order correlations results in a closed set

of equations. Equations for the mean variables ~ ,
& , and ~ and the second—order correlations u~u3 , h’h’ ,
u~h’ , cOB ’,, a’y ’ , B’ y ’ , u~a’ , u~ B’ , u~,p ’ , h’a’
and h’B’ are solved in the present program. The use of the

basic shear layer assumptions leads to a set of 23 independent

coupled parabolic partial differential equations. The computer

program actually solves a total of 30 equations; the redundant

equations provide a check on the mass conservation in the program

and on the accuracy of the numerical scheme . The numerical

Integration of the equat ions  is performed by a forward—time —
centered—space , quasi—implicit , upwind , finite differencing

scheme . The nonlinear terms are handled by quasi—linearization ,

that is, by evaluating a portion of these terms at the known

position , leaving only a linear term containing one of the

unknowns. The linearized finite—difference equations are solved

by the general tridiagonal algorithm ; but , instead of solving

a single large matrix (which would be very time consuming), the

equations are grouped into smaller matrices and the system is

solved in 10 separate passes. The program is running satis-

factorily on our Digital Scientific Corporation META—14 computer.

The program has the capability of handling both fixed and

free shear layer flows for planar and axisymmetric geometries.

The initial profiles can be provided using a card or tape input - •

or the program can generate appropriate smooth initial profiles

given the properties of the two streams. If the turbulence

21
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properties at the init ial stat ion are not known , we typically

- Input a “ spot ” of turbulence at the init ial stat ion to start
the turbulent calculations. The program uses a fourth—order

polynomial expression to calculate  the temperature dependence
of the specific heat of various species. The molecular trans—

port propert ies ~i , , k , and D are calculated using
-

• a power law expression .

.

r H U
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III. MODEL AND PROGRAM VERIFICATION

The principal ob jec t ive  of developing a higher—order
closure turbulence model than the first—order closure eddy—

viscosi ty  models is to obtain a more “universal” model; a

model which can be used for analysis of data for a wide class

of flowfields with the use of the same Invariant set of model
constants. Such a model can then be used with a greater de—

gree of confidence for predictive calculations of flow

problems for which experimental data are not available or are

difficult to obtain . Second—order closure models have shown

significant promise of being such a predictive tool.

The fluid mechanical turbulence models being used In the

A.R.A.P. second—order closure program have already been ex-

tensively tested by comparison of program predictions to experi-

mental data in a variety of basic flow geometries. Previous 3
publications have discussed studies on flat plate boundary

layers (Ref. 6),the planetary boundary layer (Ref. 7), and

axisymmetric jets and wakes (Ref. 214). Model and program veri-

fication studies that are of Interest in connection with the

analysis of the planar mixing flow in DF chemical lasers are

- - our analyses of a two—dimensional wake and a heated planar jet

(Ref. 1) and the mixing of two different species In a shear

layer .

The experimental measurements in the wake o f a thin p late
were made by Chevray and Kovasznay (Ref. 25). Detailed measure—

ments of the mean axial velocity profile and the Reynolds stress

were made using hot wire probes. The experimental measurements

are designated as Test Case 114 in data collected at the 1972

NA SA Free Turbulent Shear Flows Conference (Ref. 26). Figure 2

compares the theoretical RSL program predictions for the mean

axial velocity profiles at three axial stations wIth the

measurements. The computations are generally in good agreement 
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Figure 2. Mean axial velocity profiles in the two—dimensional wake . 
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with the data over the entire profile. There is some dis—

$ crepancy between the predictions and the experiments as to

the centerline velocity at x 20 cm , the reason for which
is not known at this time . Figure 3 shows the predicted pro-

file for the Reynolds stress correlation u ’v’ at x 50 cm

At this axial station , the computat ions are In goo d agreement
with the data. Further downstream , at x 2140 cm , the peak
value of the computed u ’v’ Is about 25% lower than the experi-

menta l data , but the profile shape Is In good agreement .

Davies , et al. (Ref. 27) and Uberoi and Singh (Ref. 28)
have carried out extensive measurements of mean and turbulence

quantities in heated plane turbulent jets. Figure 14 pres ents
• our program predictions for the decay of the mean velocity and

temperature on the jet centerline and compares the predictions

to the data of Ref. 27. The decay of the mean velocity is in

excellent agreement with the data and the linear graph shows

the self—preserving nature of the turbulent jet . At larger

axial distances , the turbulence falls off and the decay rate

deviates from the straight line. The decay of the centerline

temperature is well—known to be faster than the velocity

as shown here. The slope of’ the calculated temperature

( 0 = T — Tambient ) decay rate is slightly smaller than Davies ’
experimental results. However , the overall agreement of the pro—

gram predictions with experimental measurement s is quite satis—

factory. In the self—preserving region , the calculated values of

‘-i: - U’U’1”2/Umax are 0.16 at the centerline and a peak value of

0.20 , in agreement with Davies ’ results of 0.18 and 0.21 ,

respec t ive ly ,  as shown in Figure 5. Figure 6 shows the results

for the profile of 0’0’~
”2/~max at x/b = 20 . Our program

predicts  0 .22  at the center and a peak value of 0.31 at

• y/L~ = 0.8 . Davies ’ measured values are significantly lower

- - and the profile is virtually flat . Uberoi and Singh have also

made tempera ture  corre la t ion  measurements  in a plane heated je t

25
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Figure 3. Reynolds s tress p ro f i l e  in the two—dimens iona l  wake .
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and these are in much better agreement with our predic t ions ,
and are also more reasonable in shape considering the prof i le
of the velocity fluctuations. The discrepancy between the

measurements of Davies and Ubero l has to be invest igate d
further. In both Figures 5 and 6, the predicted pro file shape

is in good agreement with the measurements.

Recent measurements In a two—species mixing layer have

been reported by Konrad (Ref. 29). These measurements are

part of a very elaborate and detailed study of this basic

flowfield by the group under the direction of Prof. Roshko at

Caltech . Konrad has made measurements of the mixedness corre—

lation ci ’B’ /a~ or cx ’a’/&(l—&) in a shear layer of velocity
ratio = 0.38 and consisting of two streams of different species

but the same density. Figure 7 shows a comparison of the RSL
program predict ions for the flowf iel d wit h t he ex per imen tal
measurements. There is good agreement in the central turbulent

region of the flowfield. The theoretical predictions for the

edge regions of the flow are not symmetr ical, which is some-
what surprising and is believed to be due to the difficulty of

accurately calculating the term ci ’B’/&~ when a or ~ is

very small. This requires some further study . The disagree-

ment between the theoret ical predictions and the experiments
may also be due to the intermittent nature of the flow in this

region and the observed large structures in the turbulent flow.

The theoretical models do not inc lude intermittency effects at

the present time .

All the above computations and those mentioned earlier have

• been carr ied out w i th  bas ica l ly  the same set o f model parame ters .
The results demonstrate that our second—order closure techniques

correctly predict the mean flow and details of the turb ulence

correlat ions for a wide class of nonrea ct ing flows an d prov ide
a level of confidence in the models and the programs . Similar

tes ts  have to be carr ied out for turbulent  react ing flows to

U 30 
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ver i fy  the models developed for the scalar correla t ions .
Recently,  computat ional results have been presented for a
hydrogen—air diffusion flame (Ref. 30) that correctly predict

some of the Important features of the flow . Howeve r , many
more such tests  remain to be made to thorou ghly check the
models and the programs .

S
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IV. CHEMICAL LASER FLOWFIELD COMPUTATIONS

The A.R.A.P. turbulent reacting shear layer (RSL) program

has been used to study the mixing and chemical reactions in

the initial region of the flowfleld of a supersonic DF chemical

laser. The flow parameters and the initial geometry for the

studies are shown in Figure 8. The design data corresponds to

the MESA IV slit nozzle built by Rocketdyne , and was provided

by the Air Force Weapons Laboratory. The flow parameters were

originally for a i-IF chemical laser system. For our studies

we simply replaced the H2 by D2 and maintained all the other

f low parameters at the same level.  The n o z z l e  wall  boundary
layers and the dead water regions at the nozzle exits are

ignored In these studies. The analysis of the dead water region

Is particularly difficult as recirculating flows are likely to

be present and elliptical flow equations have to be solved to

properly characterize the region . The effect of the initial

nozzle wall boundary layers , however , can be Included in the

computations without too much effort in the future .

The initial profiles of the rrean variables are taken to be

smooth profiles of width .025 cm (10% of the total width) between

the specified values on the nozzle centerlines. The computa-

t ional  region is from the  center l ine of’ the D 2 nozzle  to the
centerline of the fluorine + helium stream . Suitable boundary

conditions are used at these symmetry planes. The turbulence

correlat ions u ’u ’ , v’v’ , w’w ’ , and u’v’ are specified

at the initial station to begin the computations. Typically,

a spot of tu rbu lence  of var iable  ampl i tude  and w i t h  Ü~ Ü~ v ’v ’ =

w’w’ = 2u ’v ’ is used at the nozzle exit in the mixing region

between the two streams. The effects of varying the initial

turbulence amplitude and the distribution of the total turbu—

lence kinetic energy q2 among the three normal stresses has
- 

- been studied. The mixedness correlation cz’8’/&~ was also
specified as nonzero at the initial station in some of the runs.

33
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In these runs , this correlat ion was set at —1.0 across the

entire profile at x = 0 ,, an d th en allowed to develop
according to its transport equation. For initially unmixed

streams of reactant s a and B , —l is the proper value at

the initial station , for a and B do not coexist at any

point and are thus perfectly anti—correlated . However, the
initial value of this correlation is not of crucial importance.

-; In identical runs with ct’B’/&~ 0 or —l at the initial

station , the correlation reaches the same downstream value in

a very short distance , as would be expected in a marching

solution procedure . The effect of the initial conditions is

wiped out in a distance of a few relaxation lengths of the

flowfield. All the other turbulence correlations are set at

zero at the init ial  station. The pressure is maintained con—

stant at the specified cavity pressure throughout the flowfield .

The primary objec t ive  of our research pro gram was to
- • parametrically study the effect of various turbulence flow

parameters — turbulence kinetic energy q2 , tur bulence
distribution or isotropy, turbulence macro—scale A , and

the turbulence—chemis t ry  in terac t ion  e f f e c t s  — on the initial

activation region of the flowfield of a supersonic DF chemical

laser. Concentrating on the initial excitation reactions for

the production of excited DF(v) species , a 16—step reaction

scheme was used for the majority of the test runs of the program

reported in th i s  report . This reaction scheme was specified
by AFWL and DARPA personnel and is listed in Table 1. This set

of reactions is only a small subset of the  c omplete react ion
scheme as proposed by Cohen (Ref. 31). The excitation reactions

up to the fourth vibrational level for DF have been included.

The ]aser deactivation reactions have not been considered in

our studies. Toward the end of our research program , some •

modifications and addi tions  were made to the reaction scheme

- 

- listed in Table 1 to evaluate the sensitivity of the computations
• -

* fr~ 
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to the selected reaction scheme . The changes were to replace
the DFO In reactions 5—8 by ~ DF (v )  and to add t he

v= 0— 14
- deactivation reactions with helium . The modified reaction scheme

used In some of the runs is listed in Table 2. The use of the

more complete reaction scheme led to very minor changes in the

program predictions.

The resul ts  of our studies are discussed in the next

- - 
section . The computations us ing the reac tion sc heme of Table 2
will indicate this fact. All other runs have been run using

the 16 reaction scheme detai led in Table 1.

I-
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V. RESULTS AND DISCUSSION

A maj ori ty of current HF and DF chem ical la ser systems
operate at cavity pressure s of the order of 10 torr . The flow

Reynolds number of these devices is of the order of 103 , and

turbulent transport is unimportant except in a small initial

region af ter  the nozzle ex it where the turbu lence is the deca y-
ing tur bulenc e f ield lef t over from the nozz le wal l boun dar y
layers and the recirculation regions at the nozzle exits.

Chemical laser configurations now being investigated for future

• systems are expected to operate at higher cavity pressures and

in flow regime s where tu rbu len t  t ransport  processes wil l  be
more Important . The use of boundary layer trips to produce

tur bulen t boundary layers in the nozzles has led to some
improvement in laser per formance , but some of the observed
effects are not easily explained . In some cases a decrease in

laser performance has resulted from attempts to introduce tur—

bulence into the flow. The effects of various turbulence

parameters on the mixing and reaction in the chemical laser

are quite complex.

The flow parameters of the DF chemical laser under study

have been shown in Figure 8. The cavity pressure in the actual

system Is 10 torr, and the flow Reynolds number is about

5 x 103. The effect of the following four turbulence param—

eters on the formation of excited DF species in the initial

region has been studied.

1. InitIal disturbance amplitude U ’ U ’ init 
with

Isotropic distribution u’u’ = v’v’ = w’w’ .

2. Turbulence distribution with constant turbulence

kinetic energy q2 = u ’u ’ + v ’v ’ + w’w ’ . . A

3. Tur bulence macrosca le A .
I’
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14. InclusIon or neglect of the mlxedness correlation

a ’~~’/&~~ in the chemical source terms .

SImIlar calculatIons have also been performed for a cav ity
pressure of 100 torr with the same flow geometry to study the

ef fec t  of ra ising t he operat ing pressure and the flow Re ynol ds
number. The results for 10 torr cavity pressure , t he norma l
operating conditions , are discusse d first followe d by the
results for 100 torr pressure.

Laser Cav it y Pressure = 10 Torr

The behavior of the maximum value of the u’u ’ correlation

at different downstream axial stations is shown in Figure 9.

The figure shows the results for calculations started with two

dif ferent  init ial levels of tur bulence , 
~~~

‘init = .0014 , .014

The turbulence distribution is isotropic and the macroscale has

the normal value A = .05 (y 75 — y 25 ) , where y 75 and

are the values of the normal coordinate where u - u 2/u1 -u 2 is

.75 and .25, respectively. The turbulenc e field here is just

the rapidly decaying turbulence left over from the nozzle wall

boundary layers and the dead water recirculating regions at the

nozzle exit . The initial turbulence level can be increased by

the use of boundary layer trip s of various designs. Due to the

low flow Reynolds number at p = 10 torr , the turbulence

decays very rapidly, and a laminar tran sport analys is woul d
appear to be justified for most of the flowfield. However, as

the f igure shows , in this initIal region the turbulence level
at a point Is strongly dependent on the amplItude of the initial

disturbance , and it is shown later that there are significant

di f ferences  in , for examp le , DF ( 2 ) formation as a func tion of
the initial turbulence amplitude .

Figures 10 and 11 present the results with and without the

inclus ion of tur bulen t sca lar correlat ions , like the mlxedness

38
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correlat ion a ’B ’/ c & B  , in the chemical source terms . The

concept can be Illustrated by the following simplIfied problem .

Consider the expression for the rate of change of a species a , 
- 

-

due to chemical reactions in a turbulent flow. Assume a simple

one—step reaction a + 8 -
~ y . Then,

~~~~~
- —R~ — ~c&’8’ + & k ’B ’  + ~k’ct’ + k’a’$’

Many of the prev ious studies of tur bulen t reac ting f lows
neglect the group of terms within the brackets and simply use

for the chemical source term calculation . This is analogous to

the source term for laminar f low , and we designate this procedure

as the “laminar chemistry ” approximation. Another error in this

approximation is the evaluation of 
~ ; usually one takes

= k(~~) which is only true for laminar flow. In the “turbulent

chemistry ” runs , R is evaluated from the pdf for “typical eddy ”

model runs and from second—order accurate expansions of the

Arrhenius rate expressic’n for “secon dar y” model runs, and all
the terms in the brackets are inclu ded in the evalua tion of the
chemical source term . In the current studies on the DF chemical

laser reported here the “secon dary ” model has been used for the
• higher—order scalar correlat ions.  Further , as the  temperature

changes in the laser flowfield are quite small , temperature

fluc tuat ion (an d ther efore , k’ ) effects have been neglected.
Therefore , In the eurrent studies , the “turbulent chemistry ”

formulat ion corresponds to t he use of the ex pression

142 
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and the “laminar chemistry ” approach involves the neglect of

the mixedness correlation.

The computat ions in Figures 10 and 11 show the transverse
profiles of DF(2) at distances 1.25 cm and 2.5 cm downstream of

the nozzle exit . The results for the other vibrational levels

are similar. The initial disturbance was isotropic and of

amplitude u’u’ = .O~4 and scale A . The results show that for

p = 10 torr , the inclusion of the fluctuating chemical source

terms has a negligible effect on the formation of DF(v). The

turbulence—chemistry interaction effects are very small for

these conditions. It is shown later that for larger scale

distur bances , there are some significant turbulence—chemistry
interaction s even at p = 10 torr

The effect of various initial turbulence levels on DF(2)

formation Is shown In Figures 12 and 13. FIgure 12 shows the

profiles of DF(2) at 2.5 cm axial distance downstream of the

nozzle exit for laminar flow and u’u’j~ i~ = .00 14 and .014

The integrated DF(2) formation in the normal direction is

shown in Figure 13 as a function of the axial position. As

remarked ear lier , due to the rapid decay of the turbulence
• the actual turbulence level in the initial region is strongly

dependent on the initial disturbance level and results in

significant changes in the formation of the excited species.

Higher initial disturbances predict the formation of larger

amounts of DF(2) and thus should lead to improved laser perfor—

mance. Deactivation reactions , of course , must be included in

the analysis to correctly predict the laser performance.

The use of boundary layer trips in the nozzles would intro—

duce initial disturbances of variable amplitude , isotropy, and

• 143
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scale. The effects of isotropy and turbulent macroscale vari-

at ion have been studIed, and are discussed next .

The effect of turbulence isotropy was investigated by

the following three runs . The turbulent kinetic energy q2

was kept constant at 0.12 and the scale A was used. The

three distributions used are tabulated below , and correspond

u’u’ v ’v ’ w ’w ’

.03 .06 .03

.0 14 .014 .014

.06 .03 .03

to typical limiting distribution s that are observed in a variety

of atmospheric turbulent flows. The results for p = 10 torr

are shown In Figure 114 for two axial stations. There are small

di f ferences very close to the nozzle ex it, but in the region of
interest for the laser cavity (— 2 cm) there is virtually no

effect of the Initial isotropy characteristics of the distur-

bances.

The curren t vers ion of the reac ting shear layer (R SL) pro-
gram uses a constant , algebraically specified turbulence macro—
scale It across the entire flow region in the normal direction.

The scale Is based either on the mean axial velocity profile or

on the profile of the turbulence kinetic energy . In all the

laser calculations discussed here , the scale is based on the
mean velocity profile and It = 0.5 (y 75 

— y 25 ) . We are
currently engaged in the development of a transport equation

for the turbulence macroscale for compressible flows using the

formulation for a two—point correlation function. Calculations

have been performed to show the effect of scale variation

rangIng from 0.7 A to 2 .0  A . The scale modi f ica t ion  parameter ,
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i.e., 0.7 or 2.0, remains constant in the program calculations
although in the actual flow if a larger scale disturbance were
intro duce d at t he Init ial sta tion , it would adjust to the
local flowfield conditions in some characteristic relaxation
time of the order of A/q . Figure 15 shows the effect of
doubling t he scale on the transv erse pro file o f DF( 2 ) at
the axial station X 2.5 cm • The result is not surprising
as the larger scale will result in increased transverse mixing

and a more uniform profile. The calculations were done using

the turbulent chemistry formulation . Lt has been shown before

that for 10 torr runs with scale A , the turbulent chemistry

and the laminar chemistry results are virtually identical.

However , when the scale is increased to 2A , there are signifi-
cant differences. Figure 16 shows the results for 10 torr ,
2A runs using laminar and turbulent chemistry at X 2.5 cm
Figure 17 present s the integrated DF(2) mass fraction as a

function of the axial position for the same conditions . The

comparison shows substantial differences between the laminar

and turbulent  chemis t ry  formulat ions , and s ign i f i can t  errors
can result from the neglect of the turbulence—chemistry inter-

action . The behavior of the species mixedness correlation
• 

- 
a ’ 8 ’ / & ~~ for 10 torr and scales A and 2A is shown in Figure 18.
In the turbulent chemistry runs we normally start with an initial

value of the  correlat i on of — 1 across the mix ing  layer .  For
scale A , the mixedness rapidly drops to negligible values in

line with the behavior of the velocity turbulence correlation ,

and this Is the reason why Figures 10 and 11 showed virtually no

difference between the laminar and turbulent chemistry calcu—

lations. When the scale is increased to 2A , the mixedness

correlat ion has fairly substantial values for the entire flow—

field and this leads to significant differences between the

laminar and turbulent chemistry calculations.

The overall effec t of scale c hanges on laser performance
can be estimated by comparing the integrated DF(v) mass fractions

across the normal profile. Figure 19 presents the results for
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the four different scale parameters . The results show that In

the init ial region of the flow (up to X = 2 cm ) there are
substant ial di fferences in total DF( 2) formation, with a smaller
scale leading to increased laser performance. Further down-
stream, the scale ef fect is smaller In magnitude , and a cross—
over of the predicted curve s is seen Indicat ing Improve d
performance for the larger scales.

These results for the 10 torr cav ity pressure DF laser
show the significant effects of the two turbulence parameters —
initial disturbance amplitude and the turbulence macroscale — on
the performance of the laser. Different combinations of tur-

bulenc e amplitude and sca le could lead to improvement or
degradation of the laser performance and may , In part , explain
the discrepancies In experimental studies. Of course , as

• remarked earlier , our studIes must be repeated with a more
complete set of reactions including laser radiation effects

- 

I to enable direct comparison to experiment s and to make the

results applicable to the actual laser system.

• The important results for the 10 torr cavity pressure DF

laser are summarized in Figure 20. The integrated DF(2) mass

fraction at X = 1.25 cm is plotted as a function of the initial

- turbulent kinetic energy q2 , for a number of di fferent scale

- - 
runs. There are only five data points on the graph , but the

behavior of DF(2) formation with q2 can be reasonably expected

to have the trends Indicated in the figure. If the nozzle wall

boundary layers are tripped by gas Injection through the nozzle
• walls, Increases in turbulence may be accompanied by Increases-~ in the scale , and it may be hypothesized that for Increased

blowing one follows the path indicated on the figure . There

is an initial improvement in DF(2) formation (and laser perfor—

mance), but further increase In blow ing results In an adverse
• effect on the total DF(2) production due to the Increased tur-.

bulence scale. The above is merely a hypothetical example of

- ~: 5 14



H W

o o 2
a ,— .0 Cdp--I

a”
.E~~Cl) - C 0

~o w  .0~~~~~C — N
a , —  

~~~~~~~~~ 2

U)
C c l )  O’ .-~~~~~~~ — 

4.)
— O_ 0 4— .— 0 11)

— —\
\ / \ \  ~~~~~~~~~ -

\ / o 2

/ C.) .
~~~~ 

-
C

• >1.. ‘I ‘ —
K — 1 0

-

\ ‘

-

~~~~(\J O
U) b D

2 “ \ \ \
\ \ \

-

~~~~~ \
\ 

\
\

II
—

o co ~~
- C’J

U0!

~

3OJ

~ 

SSDW (~~~A )d P3IDJb 9~UI —

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ .4



— ~~~~ •-- ----~~ -~~~~~~~~ 
— -- - —---~~~~ r~ - - — - -~~~~~ --~~ ,.-— - •- - -

the kind of effects that may be encountered in attempts to
modify the turbulence parameters in the chemical laser flowfield.
There is very litt le informat ion ava ilable on the scales and
intensities of turbulence produced by various trip mechanisms
and some investIgation of this should be carried out . Our
program calculat ions c lear ly demonstrate the effec ts of these
turbulence parameters on the production of vibrationally excited

DF species in the initial region of the chemical laser.

Laser Cav ity Pressure = 100 Torr

The pressure recovery of supersonic mixing chemical lasers
could be improved by operating at higher cavity pressures.
However , co llisional deact ivation also increases at higher
pressures and more rapid mixing and react ion is necessary to
maintain or improve the laser performance. Turbulence provides

a convenient mechanism to increase the rate of mixing . At

higher cavity pressure the flow Reynolds number is higher and ,
therefore , it is possible to operate in a regime where turbulent
transport processes would be dominant . The reacting shear

layer program has been used to study the effects of raising the
• cavity pressure to 100 torr.

The behavior of the velocity turbulence correlations is

shown in Figure 21. The flow Reynolds number is of the order
— of 5 x 1O 14 , and the turbulence approaches an equilibrium value

in a distance of a few centimeters. The initial amplitude of

u’u’ does not affect this equilibrium value and , as will be

shown later , does not significantly affect the total DF(2)
format ion. The behavior of U ’U ’maX for p = 10 torr is also

shown on the figure for comparison .

• Figure 22 shows the comparison of “laminar chemistry ” versus
“turbulent chemistry ” at p = 100 torr for two axial stations.

All the 100 torr calculations use the normal turbulence macroscale

A • The computations show very substantial differences in the
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i t DF(2) formation. The effect of the species fluctuations is

to reduce the rat e of the react ion below that based on the
means alone , for the specIes are not mixed on the molecular
scale to the extent  predicted by the time—average concentrations.
For very rapid reactions the species mixedness correlation

~~~~~~~ approaches -.1, so that the rate of reaction could be

orders of magnitude smaller than that predicted by ~~~ . The

effec t of the temperature (or reac tion rate) fluctuation terms
Is more complicated for it depends on whether they are positiveiy

or negatively correlated with the various species. However , the

figure clearly demonstrates that significant errors can result

from the neglect of the turbulence—chemistry interaction . The

behavior of the species mixedness correlation for the 100 torr

runs is shown in Figure 23. The computations normally start

with an initial value of a ’B~/a~~ = —l across the mixing

layer. Some runs were started with the correlation having the

initial value of zero, and as shown in the figure the same

general behavior is observed . The 10 torr cavity pressure

results for scale A are also plotted for comparisen. For

the 10 torr case the correlation rapidly drops to negligible
• values. For p = 100 torr , ~ ‘B’ /&~ has fairly substantial

values for the entire flowfield and approaches —l at large

downstream distances. This behavior is consistent with the

results presented earlier (Ref. 1) showing the variation of

a ’B’ /~~~ with DamIc~5hler number. The rnlxedness correlation in

a free shear layer approache s —l at large Damk6hler numbers.

The effect of the Initial turbulence amplitude on DF(2)

formation is shown In Figures 214 and 25. Figure 2~-+ shows the

profiles of DF(2) at 2.5 cm distance downstream of the nozzle

exit for laminar flow and üT
~~init = .00 14 and .014 . The

prof i l es  are somewhat d i f f e ren t  but the peak D F ( 2 )  mole f r ac ti ons
are nearly the same. The integrated DF(2) formation as a

• • function of the axial position is presented in Figure 25, and
indicates somewhat larger production of excited species for

~
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larger initial disturbance amplitudes. The effect of scale

variations was not investigated for the 100 torr cavity pressure .

The effect of initial turbulence isotrop y was investigated
for t he 100 torr pressure laser in t he same manner as f or the
10 torr case , and similar results were obtained. There are

small differences in the DF(2) predictions very close to the

nozzle exit , but further downstream there are only negligible

differences among the cases that were Investigated.

Figure 26 compare s the predict ions for  D F ( 2 )  format ion at
X = 2.5 cm for p = 10 torr and p = 100 torr  . The compu-

tations have the same initial turbulence amplitude and use the

full “turbulent chemistry ” formulation. The results show that

significantly larger amounts of DF( 2 ) (and other exc ited vibra-
tion levels) are produced. However, as the complete set of

deact ivation processes Is not included , we cannot predict
whether or not this translates into improved laser performance.

Figure 27 shows the typical axial variation of DF(v) and

the temperature in the central region of the flow for 100 torr

• cavity pressure. These results were calculated using the

turbulent chemistry formulation , and the reaction scheme in

Table 1. The results were somewhat surprising in the fact that

the predictions showed DF(3) and DF(2) larger than DF(1). The

runs were repeated wIth the more complete reaction scheme of

Table 2 and virtually the same results were obtained. To

further verify the basic correctness of the RSL program and

the multi—step reaction procedure being used In the program ,

the calculations were also repeated using an eddy viscosity,

laminar chemistry code available at A .R.A.P. (Low Altitude Plume

Program or LAPP) , and the same trends in the DF(v) axial profiles
were predicted. Therefore , the Reacting Shear Layer program

calculations with the use of the reaction schemes outlined in

Tables 1 and 2 appear to be correct. Calculations should be

performe d with the use of a more c omp lete reac tion sc heme in
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1 ..

our program for detailed comparison with experimental measure-

ments in chemical laser systems.

These calculations for DF chemical lasers using our
complete second—order closure program have clearly demonstrated

the signific ant ef fects of the turbulence character ist ics on
• - the performance of chemical lasers operating in the transit ional

flow regime. Significant turbulence—chemistry interactions
- 

- -  could be present at somewhat higher flow Reynolds numbers. The

• .  above calculations have to be repeated with the “typical eddy”

model to check the sensitivity of the results to the pdf models
- - l for the higher—order scalar correlations. Further, the more

complete reaction set of laser kinetics should be used In the

p -ogram to compare the program prediction s to experimental

measurements and to predict the effect of turbulence parameters

on actual laser systems.

I
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VI. SUMMARY AND CONCLUSIONS

A complete second—order closure program for the study

of turbulent reacting shear flows has been developed. The

program is capable of handling multi—species , multi—step

chemical reactions and includes turbulence—chemistry interaction

effects in the analysis.

The program has been used to study the mixing and chemical

react ions in the init ial region of a superson ic DF chemica l
laser. The effects of a number of turbulence variables—

intensity q2 , scale A , an d the mixe dness correlat ion
— on the formation of vibrationally excited DF(v)

species have been studied . The studies at low pressure

(10 torr) demonstrate the need for a second—order approach

to predict the detaIls of the transitional turbulent flow.

There are very signif icant e f f ec t s  of the initial tur bulence
amplitude and turbulence scale on the formation of DF(v).

Dif ferent combinat ions of q2 and A cou ld lead to Improve-
ment or degradation in laser performance. At higher cavity

pressures (100 torr), the flowfield has a significant level

of turbulence and there are important turbulence—chemistry

interaction effects that must be taken into account . Signif—

icant errors can resu lt from the neglect of the mixe dness
correlations in the chemica l source terms f or f inite rate

~1
• chemistry calculations.r -

The important conclus ions of t he study for the MESA IV
flow parameters are summarized in the table below:
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Effect on DF(v) Formation of:

Pressure 
____

2 Turbulence -
• q m i t  Isotropy It c.’~~’/a

- 

10 tori’ Strong Weak Strong Weak

100 torr Strong Weak — Strong

These studies have clearly demonstrated some of the important

• effects in nonequilibrium turbulent flowflelds that can only be

analyzed using a second—order closure program. The A .R.A.P.

Reacting Shear Layer (RSL) program has now reached the stage of

development wherein it can be used for t he analysis of comp lex
turbulent reacting flowfields.

/ 
-
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-: VII. NOMENCLATURE

a turbulence model parameter

A turbulence model parameter

b slit width, also turbulence model parameter

gjj matrix tensor

h sensible enthalpy

k thermal conductivity
reaction rate

half width of velocity profile 4

half width of temperature prof ile

p pressure

q2 turbulence kinetic energy

s turbulence model parameter

T temperature

u1 or u, v, w velocity components

turbulence model parameter

x , X axial coordinate

• 

y normal coordinate

.-  
y •75, y~~ 5 position in flow where u — u 2/u1— u 2 .75, .25

a, B, y species mass fractions

e T - Tamblent
A turbulent macroscale

A turbulent microscale

p density

Superscripts

- 
• — ,< > denotes time average

r ‘ denotes fluctuation about the mean value
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TABLE 1, DF CHEMICAL LASER REACTION SET

KF = A*EXP(B/RT)/T **N

REACTIONS (MOLES-ML-SEC UNITS)

A N B

1 F + D2 = DF1 + D O,1929E 16 0.9 -2000,0
2 F + P2 = DF2 + P 0.4582E 16 0.9 -2000.0
3 F + D2 = DF3 + D O.7235E 16 0.9 -2000.0
L~ F + P2 = DFLI + D 0.5L126E 16 0.9 -2000,0
5 DF1 + DFO = DFO + DFO O.1025E 03 -2,9 3200.0
6 DF2 + DFO = DF1 + DFO O.1989E 03 -2.9 3200.0
7 DF3 + DFO = DF2 + DFO O.3015E 03 -2.9 3200.0
8 DFL~ + DFO = DF3 + DFO O, 140110E 03 -2.9 3200,0
9 DF1 + D2 = DFO + D2 0.5607E 02 -3.0 0.0

-: 10 DF2 + D2 = DF1 + D2 O.1145E 03 -3.0 0.0
11 DF3 + 02 = DF2 + D2 0.1688E 03 -3,0 - 0,0
12 DF’4 + 02 = 0F3 + D2 0.2231E 03 -3.0 0.0
13 DF1 + F = DFO + F 0.28311E 16 0.7 -3600.0
1~ DF2 + F = DF1 + F O.3316E 16 0.7 -3600.0
15 DF3 + F = DF2 + F 0.4462E 16 0.7 -3600.0

• - 16 DF4 + F = DF3 + F 0.8441E 16 0.7 -3600.0
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TABLE 2. DF CHEMICAL LASER REACTION SET

KF = A*EXP(B/RT ) /T**N
REACT IONS (MOLES-ML-SEC UNITS)

A N B
1 F + P2 = DF1 + 0 0.1929E 16 0.9 -2000,0
2 F + D2 = DF2 + 0 0.4582E 16 0.9 -2000,0
3 F + 02 = 0F3 + D 0.7235E 16 0.9 -2000,0
4 F + 02 = DF4 + D 0.5~i26E 16 0,9 -2000.0
5 DF1 + M = DFO + M 0,1025E 03 -2.9 3200.0
6 DF2 + M = DF1 + M O.2050E 03 -2.9 3200.0
7 DF3 + 11 = DF2 + TI O.3075E 03 -2.9 3200.0
8 DF4 + N = DF3 + N O,4100E 03 -2,9 3200,0

• WHERE N = DF(v)
0_LI

9 DF1 + 02 = DFO + P2 0.5607E 02 -3.0 0.0
10 DF2 + D2 = DF1 + 02 0.1145E 03 -3.0 0,0
11 DF3 + D2 = DF2 + 02 0,1688E 03 -3,0 0,0
12 OF’! + 02 = DF3 + 02 0.2231E 03 -3.0 0.0
13 DF1 + F = DFO + F 0,283LIE 16 0,7 -3600.0
1LI DF2 + F = DF1 + F 0,3316E 16 0,7 -3600.0

- 
- 

15 DF3 + F = DF2 + F O,41;62E 16 0.7 -3600.0
16 DFLI + F DF3 + F 0,8’441E 16 0.7 -3600.0
17 DF1 + HE = DFO + HE 0.1561E-05 -5.0 0.0
18 DF2 + HE DF1 + HE 0.3123E 05 -5.0 0.0
19 DF3 + HE = DF2 + HE O,4685E-05 -5,0 0.0

- 

- 20 DFLI + HE = DF3 + HE O,6271E-05 -5,0 0.0
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APPENDIX A. GENERAL CONSERVATI ON EQUATI ONS FOR A TURBULE NT
MULT I COMPONENT REACTIN G SYSTEM

Continuity Equation

+ 2. = 0 (1)

Momentum Equation
9, 2

Puj + i u u, ~, = —p + t , ,, (2)
t J~~~A~ ,J

9, 9,k 9, k
where = g u(uj k  + u

ki ) 
+ 

~
S i
~
1 u k ~3 ’

Energy Equation

Pht 
+ pu2h 

~ 
— Pt 

— = — ~ ~~~~ 
(14 )

where h = ~ ha ca 
( 5)

a

h = c dT ( 6 )
a

T°

= - H (7)

= ‘r~ u~~ 
( 8 )

H = _g2m [kT 9, + h~D~C~~~]

Species Equation

PCat 
+ Pu

2ca 2 = ~a + g2m (PD c
2)

= w  + G  (10)
Equation of State a a

p = p6~T ~ ~~~~~
- (11)

cx

~~~~~~~~~~~~~~ 
A—i 
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In the above—noted equations , the symbols have their usual

mean ing : 
~a 

is the mas s rate of format ion of componen t a per —

unit vo lume ; h° is the heat of formation of species a ; Dcx is -
‘

the diffusion coefficient ; and Wa is the spec ies molecu lar

— weight .

Writing the dependent variables in these equations as the

sum of a mean and a f luctuat ing part (u = ~ + u ’ ; p = ~ + p ’ ;

e t c .) ,  one can derive equations for the mean quantities and the

second—order correlations of the fluctuations .

Defining ~)f = + ~
2f 9, , the equations can be written

~~~~ + ~~~~~~ +(o’u ’
2)9, = 0 (12)

+ p ’u ’
9, 
Uj,9, + 

~~~~ 
+ 
[
~(u ?~ uj) + ~

9,(P ’uj) + (p~u ?~ u~)]

= 
~~~~~ 

+ ( 13)

+ P ’~~’
9, 

h 9, + (P ’h’)
t 

+ 
[
~ (u 1 2h~) + ü

9,
(p ’h’) + (p~ u~~h~)]9,

= + + (u ’2p ’9,) + - 
~ 

h~~~i~~ ( 1 1 4)

+ ( P ’ U ’
9,

)~~~~ , 9, 
+ (P ’c

~~
)
~ 

+ 
[
~ (u~~ c~ ) + ~

9,(p ’c~ ) + (P ’u~
2c~)]2 -

•

( 15)
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(u~u~ ) + (P ’u3u~
)t + 
[
~ (u 1 2u~u~ ) + ~~(~~‘u3u~ ) + (P~u~

2
u~u~)]2

V — (P l u ’2) ~(uju~) + (p ’u~ )’~ ti~ + (P ’u
~
)
~~

Ük

+ (u ’
9,
u~ )~~~~,9, 

+ (u ’2u
~
)
~~ k,2 

+ (P ’u ’2u~ )~ j 9 ,

+ (p ’u ’ u
~

)u k,9,

= _ (u~P’j) + (ujP’k
) + (u ~ t3~~~) + (u3 T~~~2 ) (16 )

+ (phfh’)
~ + [~

(u ’
~
h’h’) + ~

9,
(p ’h’h’) +

L J,~
- (p ’u ’

2) 9,(h’h’) + 2(p ’h ’)~~~ + 2~~~ 9,(u ’2h ’)

+ 2~~ 9,(p ’u ’
9,
h’)

= 2(h’p~ ) + 2ti2(h’ p ’9,) + 2~~ 9,(h’ u ’2) + 2(h’u ’
9,p ’9,)

+ 2(h ’ ip’) — 2 ~ h~ (h’~~~) (17)
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+ (p ’u
~
h’)t + 
[
~(~~~ up’) + ü2(p ’u3h’) + (P~u ’

2
u3h1)]

2

— (p ’u ’
9,) (u ’h’) + (p ’u ’)~5~ + (p ’h’)~~~,2 j  j j

+ (u ’2uj)~~,2 + (u ’
9,
h’)~~~~,2 

+ (p ’u ’
2u~)~~,2

+

= (u~p~ ) + ~
2(u~p ’9,) + ~~9,(u~u ’

9,) + (u~u ’2p ’9,) + (up’)

— 

- ~ h~ (u~~~ ) - ( h ’~~~~
:
~~~~) + (h ’ Tj~~ 9, ) (18 )

Qi (~’~ ’) + 2~~ 9,(p ’u ’2) + 2~~ 9,(p ’p ’) + 2~ (p ’u ’~~)

+ (p ’P ? U :~~) + (p ’p ’u ’2) 
~ 

= 0 (19)

(c~ c~ ) + (p ’c
~
c
~
)
~ 

+ ~~~~~~~~~~~ + u2(p ’c
~ cT) 

+ (P~u ’2c~ c~ )]

- (p ’u ’2) 9,(c~ c~ ) + + (p ’c~ )~~~~

+ (U ’
~~~~~

)
~~~ a ,2 + (u ’2c~ )~~8 9, + (p ’u ’

9,c
~~~ a,9,

+ (p ’u ’
9,
c~~)3~~ 9,

= (c~~’) + c~~z~ + (c
~
Gc~

) + c~ G~ (20)
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~~~ (u~c ’) + (P ’u3c~
)t + [

~ (u~2u~c t ) + ~~(p ’ujc ’) +

- (p ’u ’
9,) 9,(u~c~~) + (P ’u

~
)
~~~a 

+

- 
• + (u ’

9,
u 3) ~~~a 9 ,  + (u ’2c~~)~~ j 9 , + (p ’u ’2u

~
)
~ a 9 ,

2 —

+ (p ’u ’ c~ )u j 9 ,

= (u~~~) + (u~ G~ ) _ (C~P:~~) + (c~ T~~ 9,) (21)

+ (p ’h’c
~
)t + [

~ (u .~ ht c~~) + ~
9,(p ’h’ c~ ) + (P T u~

2
h~c~~)]9,

— (p ’u ’
9,
) 9,(h’ c~ ) + (p ’h ’)

~~~ a 
+

+ (U ’
9,
h’)

~~ a 2  + (u ’2c~ )~~~ 2 +

+

= (h’~~~) + (h’G~ ) + (c~ p~ ) + ~
9,(c~p ’9,) +

+ (c~ u ’
9,
p ’9,) + (cd’) - ~ l~~(w~c~~) (22)
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• )

+ (Q ’P ’u3)t + 
[~

(u T 2P ’u3) + ü
9,(p ’p ’u3) + ( P P u u j)J 2

— (p ’u ’2) (p ’u’) + (p ’p ’)~~ ü + (p ’u ’)~~~‘9 ,  i j J

+ (u ’
9,
p ’)  ~~~~~~~~ + (u ’2u3)~~~,2 

+ (~~‘~~‘ U ’
9,
)~ j,~

9 , _
+ (p ’u~u ’ )p 

~

= (P ’P j ) + (p ’i~~~ 9, ) 
- 

[
~~ (u t

~ uj) + 2~~~ 9,(P ’uJ)

+ 2~ (p ’u ’~ up + ~~9,(p ’p ’u3) + (P ’P~u~~u~ )]

( 23)

_ _ _  _ _ _ _

+ (p ’p ’h ’)
~~
+ [

~
(u ’

~~
p ’h’) + ü

9,
(p ’p ’h ’)+ ~~~~~~~~~~~~~~~~~~~~~~~

L J,2,

- - (p ’u ’
9,
) 9,(p ’h’) + (p ’p ’)~~~~ + (p ’h ’) ~~~

+ (u ’tp ’)~~ + ( u ’
9,
h’)~~ + (p ’p ’u ’2)~ + (p ’h’u ’2)~

• , , ,

= + (~~‘~~~
) + u ( P ’P:9,) + ~,9,

(p ’u ’
9,
) + (p ’u ’

9,
p t

9,)

+ (P ’~~’) 
- h~ (p ’w~) - 

[
~~ (u :

~ ht ) + 2~~~ 9,(p ’h’)

+ 2~ (p ’h’u ’~~) + ~~9,(~~ p ’h’) + (P t P ’h’u ’~~)]

:- 
( 24 )
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~~~~~~~~~~~~~~ + (P ’P ’c
~~
)t + 
[
~ (u ’~~~’c ’)  + ~~(p ’p ’c~~) + (P~ P~ u I tc~~)]~~

- (p ’u ’2) 9,(p ’c ’) + P C a + (p ’c ’)~~~

+ (u ’2P ’)
~~ a 9 ,  + (u ’9,c~~)~~~9,+ (P ’P ’u ’2)

~ a t  + (p ’c~ u ’2)~~ 9,

= + (p’~~’) + (p~ G
T) - 

[
~~ (u t

~~c~ ) + 2~ü~ 9,(p ’c ’)

+ 2~ (p ’c~ u ’~~) + ü~9,(p ’p ’c ’)  + ( P I P ’c~ u ’~~)]

(25)

Detailed expressions for terms like ~ , ~‘ ~ 
, G~ , etc.

can be obtained from their definitions. The expressions for the

reaction source terms and will be obtained from the

model ing of the chemica l react ion. As an example , if one uses

a one—s tep chemical reaction model

V ’M v ’’M (26)a a

the reac tion ra te term can be wr it ten as
N /

n E ~ (PC 1a
W = Wa (V

~~
’ — v~

) AT exp (_ 

~~
)a~l ~

-w
~) 

(27)
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• 

. 
Expressions for and can be obtained.
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